The inositol 1,4,5-trisphosphate receptor (InsP 3 R) 1 plays a key role in intracellular Ca 2ϩ signaling (1). InsP 3 R have been biochemically purified, cloned, and functional properties of these channels were extensively studied (1-4). Planar lipid bilayer reconstitution technique proved useful for studies of functional properties and modulation of InsP 3 R (4). Modulation of cerebellar InsP 3 R by cytosolic Ca 2ϩ (5) and ATP (6) has been previously characterized by this method. Phosphatidylinositol 4,5-bisphosphate (PIP 2 ) plays a major signaling role in cells (1). Hydrolysis of PIP 2 by phospholipase C (PLC) leads to production of inositol 1,4,5-trisphosphate (InsP 3 ) and Ca 2ϩ release from intracellular stores via activation of InsP 3 R. PIP 2 by itself can play a regulatory role in cells. Effects of PIP 2 on structural organization of cellular cytoskeleton are well established (7). More recently direct functional interaction between skeletal muscle ryanodine receptor (8), Na ϩ /Ca 2ϩ exchanger (9), and inward rectifier K ϩ channels (10) has been demonstrated. The emerging paradigm is that PIP 2 by itself may be a signaling messenger.
The inositol 1,4,5-trisphosphate receptor (InsP 3 R) 1 plays a key role in intracellular Ca 2ϩ signaling (1) . InsP 3 R have been biochemically purified, cloned, and functional properties of these channels were extensively studied (1) (2) (3) (4) . Planar lipid bilayer reconstitution technique proved useful for studies of functional properties and modulation of InsP 3 R (4). Modulation of cerebellar InsP 3 R by cytosolic Ca 2ϩ (5) and ATP (6) has been previously characterized by this method. Phosphatidylinositol 4,5-bisphosphate (PIP 2 ) plays a major signaling role in cells (1) . Hydrolysis of PIP 2 by phospholipase C (PLC) leads to production of inositol 1,4,5-trisphosphate (InsP 3 ) and Ca 2ϩ release from intracellular stores via activation of InsP 3 R. PIP 2 by itself can play a regulatory role in cells. Effects of PIP 2 on structural organization of cellular cytoskeleton are well established (7) . More recently direct functional interaction between skeletal muscle ryanodine receptor (8) , Na ϩ /Ca 2ϩ exchanger (9) , and inward rectifier K ϩ channels (10) has been demonstrated. The emerging paradigm is that PIP 2 by itself may be a signaling messenger.
We set out to test the hypothesis that PIP 2 may interact directly with the InsP 3 R. To investigate InsP 3 R-PIP 2 interaction, we reconstituted rat cerebellar InsP 3 R into planar lipid bilayers and tested response of these channels to addition of specific monoclonal anti-PIP 2 antibody (11), exogenous PIP 2 , and newly synthesized water-soluble PIP 2 analog dioctanoyl-(4,5)PIP 2 . Based on our data, we concluded that cerebellar InsP 3 R forms a stable inhibitory complex with PIP 2 that can be disrupted by anti-PIP 2 antibody. Membrane insertion of PIP 2 is not required for interaction with the InsP 3 R. We concluded that PIP 2 most likely interacts with InsP 3 binding site of the InsP 3 R. A novel model of compartmentalized Ca 2ϩ signaling is proposed based on results obtained in the study.
EXPERIMENTAL PROCEDURES
Planar Lipid Bilayer Experiments-Rat (Sprague-Dawley; 4 -5 weeks old) cerebellar microsomes were isolated essentially as described previously for canine preparation (5, 6, 12) and stored frozen at Ϫ70°C. Planar lipid bilayers were formed from PE:PS (3:1) synthetic lipid mixture in decane on the small (100 -200 m in diameter) hole in Teflon film separating two chambers 3 ml each (cis and trans). Prior to formation of the bilayer the hole was prepainted with PC:PS mixture (3:1). Rat cerebellar InsP 3 R were incorporated into the bilayer by microsomal vesicle fusion as described previously for canine preparation (5, 6, 12) . Single channel currents were recorded at 0 mV transmembrane potential using 50 mM Ba 2ϩ dissolved in HEPES (pH 7.35) in the trans (intraluminal) side as a charge carrier (12) . In most of the experiments (standard recording conditions of InsP 3 R activity), the cis (cytosolic) chamber contained 110 mM Tris dissolved in HEPES (pH 7.35), 0.2 M free Ca 2ϩ (5) buffered with 1 mM EGTA and 0.7 mM CaCl 2 , and 1 mM Na 2 ATP (6). Unless indicated otherwise InsP 3 R were activated by addition of 2 M InsP 3 to the cis chamber. In some experiments 2 M of ruthenium red was added to the cis chamber to block cerebellar RyanR present in the bilayer (5) and facilitate InsP 3 R activity (P o ϭ 5.8 Ϯ 0.7% (n ϭ 4)). All PIP 2 blocking and most of PIP 2 Ab activating experiments were performed in the presence of 0.1 mM NaF in the cis chamber to chelate contaminating traces of heavy metal ions. Addition of NaF had no effect on InsP 3 R activity (n ϭ 20). All additions were to the cis chamber from the concentrated stocks with at least 30 s stirring of solutions in both chambers.
Monoclonal PIP 2 Ab (11) was reconstituted in phosphate-buffered saline (titer 1:1500) and added either to the cis chamber with stirring (30 l) or directly to the bilayer without stirring (6 l). In both cases similar effects on InsP 3 R activity were observed. Initial PIP 2 stocks were made in chloroform or chloroform/methanol (19:1) . An aliquot of the stock solution was transferred into a siliconized glass tube, and organic solvent was evaporated under a stream of argon. Nanopure water was added to the dried lipids, and PIP 2 vesicles were prepared by vortexing and sonication. Only freshly made or 1-day-old vesicles were used for all experiments. A sample from each vesicle stock was taken to determine lipid concentration from the total phosphate content using spectrophotometric phosphorus assay. PIP 2 stock concentrations (0.2-1 mM) determined by phosphorus assay were employed for data analysis. Hydrophilic ShPIP 2 was solubilized in water to yield 0.2 mM stock as determined by the phosphorus assay. * This work was supported by the American Heart Association, the Robert A. Welch Foundation, and start-up funds from University of Texas Southwestern Medical Center (to I. B.) and National Institutes of Health (to J. R. F). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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ʈTo whom correspondence should be addressed: Dept. Single Channel Data Analysis-InsP 3 R single channel currents were amplified (Warner OC-725), filtered at 1 kHz by a low pass 8-pole Bessel filter, digitized at 5 kHz (Digidata 1200, Axon Instruments), and stored on a computer hard drive and recordable optical disks. For off-line computer analysis (pClamp 6.0.3, Axon Instruments) single channel data were filtered digitally at 500 Hz. Single channel open probability (P o ) was determined by using half-threshold crossing criteria (t Ն 2 ms) from records lasting at least 2 min. In most of the experiments (55 out of 70) multiple InsP 3 R were incorporated into the bilayer (probably due to InsP 3 R clustering). P o in multichannel experiments was calculated under the assumption that all active channels in the bilayer were identical and independent and using the binomial distribution:
, where P 1 is the experimentally determined probability of the first open level, N is the number of channels in the bilayer, and p ϭ P o . N in each experiment was estimated from the maximal number of simultaneously open channels.
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RESULTS AND DISCUSSION

Anti-PIP 2 Antibody Activates Cerebellar InsP 3 R-Single-
channel open probability (P o ) of rat cerebellar InsP 3 R reconstituted in planar lipid bilayer is typically low (Ͻ5%), and channel openings are infrequent (Fig. 1A) . We found that InsP 3 R activity was increased 3-4-fold by addition of monoclonal anti-PIP 2 antibody (PIP 2 Ab) (11) to the cis (cytosolic) side of the membrane. On average, PIP 2 Ab increased P o of InsP 3 R from 3.5 Ϯ 0.5% (n ϭ 18) to 13.6 Ϯ 1.7% (n ϭ 14) (Fig. 1) . In some experiments, PIP 2 Ab induced periods of InsP 3 R activity with P o of 30 -40% P o . Addition of boiled PIP 2 Ab or irrelevant mouse IgG fraction had no effect on InsP 3 R in control experiments. 
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for InsP 3 -To get insight into the mechanism of PIP 2 Ab action, we characterized the effect of PIP 2 Ab on InsP 3 R sensitivity to activation by InsP 3 . Fit of cerebellar InsP 3 R dose dependence ( Fig. 2A, filled circles , n ϭ 5) yielded apparent affinity (K app ) of 1.5 M InsP 3 , maximal P o (P max ) of 6.6% and Hill coefficient n H of 1.4. In contrast, fit of the data obtained in the presence of PIP 2 Ab (Fig. 2B , open circles, n ϭ 3) resulted in K app of 0.13 M, P max of 13.4%, and n H of 2.0. Thus, on average PIP 2 Ab induced over 10-fold change in InsP 3 R apparent affinity and 2-fold change in P max .
A similar shift in sensitivity to InsP 3 induced by PIP 2 Ab can be observed for the same InsP 3 R (Fig. 2B) . In this experiment 2 M InsP 3 initially activated channels to 3-5% P o and then PIP 2 Ab further increased InsP 3 R activity to 15% P o level. Following perfusion of the cis chamber InsP 3 R activity subsided. Addition of 100 nM InsP 3 to the cis chamber induced InsP 3 R activity at 15% P o that could not be further elevated by increase in InsP 3 concentration or addition of PIP 2 Ab (Fig. 2B) (Fig. 3, B and C) . SA-PIP 2 and DP-PIP 2 inhibited InsP 3 R in micromolar concentration range (Fig. 3B) , whereas PC and PS vesicles did not block channels in concentrations as high as 100 M. After complete channel block by PIP 2 , we increased InsP 3 concentration to 20 M, which resulted in partial recovery of InsP 3 R activity (Fig.  3B) . Block of InsP 3 R by PIP 2 also could be reversed by application of PIP 2 Ab (n ϭ 4). ShPIP 2 exerted a similar inhibitory effect on InsP 3 R (Fig. 3C) , indicating that insertion of PIP 2 into the membrane is not required to block InsP 3 R.
Topology of InsP 3 R-PIP 2 Interaction-Topology of InsP 3 R-PIP 2 interaction appear to be unique when compared with all reported cases of functional effects of PIP 2 on channels and transporters. Indeed, PIP 2 and effector protein have to be located in the same membrane for effects on Na ϩ /Ca 2ϩ exchanger (9), inward rectifier K ϩ channels (10), and ryanodine receptor (data not shown). In contrast, our experiments with watersoluble PIP 2 analog dioctanoyl-(4,5)PIP 2 indicated that PIP 2 insertion into the membrane is not required to block InsP 3 R. If PIP 2 is not in the membrane, how can PIP 2 interact with the InsP 3 R?
Several lines of evidence point to InsP 3 binding site of the InsP 3 R as likely site of interaction with PIP 2 : 1) extraction of endogenous PIP 2 from the complex with the InsP 3 R by anti-PIP 2 antibody resulted in 10-fold increase in the apparent affinity of InsP 3 R for InsP 3 (Fig. 2) . 2) In micromolar concentration range exogenous PIP 2 inhibits specific InsP 3 binding to cerebellar microsomes and blocks InsP 3 R in planar lipid bilayers (Fig. 3, A and B) . 3) Water-soluble dioctanoyl-(4,5)PIP 2 analog exerts similar effects on InsP 3 binding and InsP 3 R channel activity (Fig. 3, A and C) .
Quantitatively similar competition between InsP 3 and PIP 2 for a binding site has been reported for the pleckstrin homology (PH) domain of PLC␦ 1 (15) (16) (17) . Thus, by analogy with PLC␦ 1 -PH domain and based on our data, we hypothesize that InsP 3 binding domain of InsP 3 R is also responsible for PIP 2 binding.
N-terminal InsP 3 binding domain of InsP 3 R is on the opposite end of the molecule from the C-terminal transmembrane domain (18) . Thus, we postulate that in vivo PIP 2 interacts with the InsP 3 R in trans configuration, that is PIP 2 and InsP 3 R are located in juxtaposed membrane leaflets. Immunolocalization data support the existence of trans InsP 3 R-PIP 2 complexes in cells. InsP 3 R are highly concentrated in compact endoplasmic reticulum cisternal stacks and peripheral cisternal membrane structures in Purkinje cerebellum cells (19 -21) and in vas deferens smooth muscle cells (22) . These membrane structures are sufficiently compact to allow formation of the complex between InsP 3 R from one endoplasmic reticulum membrane leaflet and PIP 2 in the juxtaposed membrane. InsP 3 R-PIP 2 complex at the plasma membrane may form in caveolae (23) , which are highly enriched in both PIP 2 (24) and InsP 3 R (25, 26) . This hypothesis agrees well with the emerging role of caveolae as a specialized messenger center of the cell (27, 28) .
InsP 3 R-PIP 2 Signal Transduction Model-Based on our in vitro functional data and discussed above in vivo morphological findings, we would like to postulate a novel compartmentalized coupling model in which InsP 3 R is linked directly to PIP 2 (Fig.  4) . We propose that in unstimulated cells, some fraction of InsP 3 R is constitutively inhibited due to interaction with PIP 2 in the juxtaposed membrane (resting state). We propose that these InsP 3 R are unable to open because of the spatial constraint imposed by the topology of InsP 3 R-PIP 2 interaction. Agonist stimulation leads to activation of PLC, cleavage of InsP 3 R-tethered PIP 2 , and release of the spatial clamp on the InsP 3 R (signal transduction step). PLC simultaneously removes the inhibitor (PIP 2 ) and generates the activator (InsP 3 ) of the InsP 3 R, leading to Ca 2ϩ wave initiation. We propose that this novel compartmentalized signaling mechanism is responsible for Ca 2ϩ wave initiation in specialized trigger zones, whereas Ca 2ϩ wave propagation through the cell is sustained by direct Ca 2ϩ feedback on the InsP 3 R (5, 29, 30 ). Preferential coupling between PLC-linked hormonal receptors and InsP 3 R have been demonstrated previously in some intact cell preparations (31) (32) (33) . It appears that integrity of this preferential coupling depends on correct spatial arrangement between intracellular Ca 2ϩ release stores and PLC-linked receptors, which is maintained by intact actin cytoskeleton network (34) . Our direct coupling model (Fig. 4) is in agreement with the phenomenon of compartmentalized Ca 2ϩ signaling reported in these papers. InsP3R-PIP2 coupling 14070
